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Description 

BACKGROUND OF THE INVENTION 

1 ■ Field of the Invention 

The present invention relates to passive optical net- 
works capable of providing tertiary and higher level pas- 
sive star distribution with RITE-Net™ -based optical net- 
work units. 

2. Description of tlie Related Art 

The current telephony network is a highly reliable 
switched network. The network's low transmission 
bandwidth, however limits its ability to evolve and incor- 
porate emerging technologies to implement expanding 
services, e.g., bidirectional video, high definition televi- 
sion (HDTV), etc. The bandwidth, switching and 
processing demands required to deliver the expanding 
services has prompted the development and introduc- 
tion of passive optical networks (PONs) within the 
switched network architecture. Passive optical networks 
are optical transmission systems that require no active 
components to direct optical signals between a central 
office (or host digital terminal), and a network subscrib- 
er's terminal equipment. Accordingly, PONs can provide 
the high capacity and high speed transmission infra- 
structure required for emerging technologies. The cost 
of introducing optical fiber however, either in lieu of cop- 
per wire or as a copper wire replacement is high. 

A passive optical communication network will typi- 
cally include a central office from which extends a plu- 
rality of optical fibers forming a primary star. The optical 
fibers extend from the central office to each of a plurality 
of remote nodes. Each remote node is central to each 
of a plurality of secondary stars formed of second plu- 
ralities of optical fibers. Each optical fiber in each of the 
second pluralities of secondary stars links each remote 
node to one of a plurality of optical network units. In one 
well-known PON architecture, the central office broad- 
casts a common signal to all end users. Information is 
segregated within the common broadcast signal in indi- 
vidual time slots as a time division multiplexed (TDM) 
signal. Star couplers located at each remote node dis- 
tribute the broadcast signals to the optical network units. 
Upstream information is transmitted from each optical 
network unit within its particular timeslot. The upstream 
TDM signals are received at each remote node and time 
division multiplexed to form an upstream signal. The 
multiplexed upstream signal is directed to the central of- 
fice. Management of collisions in time and the tradeoff 
between delivered optical power and the number of us- 
ers, however, limits competitive deployment of conven- 
tional broadcast (TDM) passive optical networks. 

Alternatively, optical information may be wave- 
length segregated within optical signals traversing a 
passive optical network. In a wavelength division multi- 



plexing (WDM) scheme, the central office assigns each 
optical network unit a unique wavelength (or wavelength 
band). Optical information transmitted downstream from 
the central office is directed to the optical network units 

5 via one of a plurality of remote nodes according to wave- 
length or wavelength band. The remote nodes imple- 
ment the directing by first optically demultiplexing re- 
ceived downstream signals into a number of wave- 
length-specific signal portions. The demultiplexed sig- 

10 nal portions are then distributed by wavelength by the 
remote node to each optical network unit. For upstream 
transmission, each optical network unit includes a sep- 
arate transmitter at the ONU's assigned wavelength. 
Upstream signals are transmitted thereby to the remote 

15 node, multiplexed into a composite signal and trans- 
ferred to the CO. While WDM PONs have superior pow- 
er budgets in principle because all the light intended for 
a subscriber is directed thereto, implementation of 
WD Ms PONs is quite costly Variations on the WDM 

20 scheme are numerous, such as U.S. Patent No. 
5,351,146, to Chan et al., which requires a complicated 
signal processing and signal-distribution hardware lo- 
cated at the ONU level. 

RITE-NET™ is a passive optical network disclosed 

25 in EP-A-0615358. 

RITE-Net™ utilizes a wavelength division multi- 
plexing scheme which avoids the need for individual op- 
tical sources (i.e., transmitters) at each optical network 
unit, lowering system implementation cost. Within RITE- 

30 Net™, each optical network unit receives wavelength - 
specific portions of downstream light signals, demulti- 
plexed and routed by a WDM router (WDIWR or WGR) 
located at a remote node. Part of the wavelength -spe- 
cific signal portion received at each optical network unit 

35 is overmodulated with upstream data and looped back 
to the remote node. The remote node multiplexes the 
received overmodulated portions into an upstream sig- 
nal and directs the signal (by the WDM/R) to the central 
office. While a modulator is required at each optical net- 

40 work unit, an optical source is not, rendering the RITE- 
Net™ architecture intrinsically robust and serviceable. 
Further, by not using individual transmitters at the optical 
network units, the need for wavelength registration and 
stabilization of optical network unit sources is avoided. 

45 While RITE-Net™ provides the WDM performance 
potential at reduced cost, implementing RITE-Net™ into 
existing infrastructure is still quite costly. Thus, there ex- 
ists a need for further reducing the projected cost per 
end user for introducing fiber into the loop, preferably 

50 as a WDM RITE-Net™ system. In other words, there is 
a need for increasing the number of end users for each 
fiber leaving a central office (i.e., high fiber gain) where- 
by the fiber implementation cost per user is concomi- 
tantly reduced. The high fiber gain would also reduce 

55 implementation cost of the fiber plant by reducing the 
average run length to each subscriber as well as the cost 
per subscriber for the central office laser and electron- 
ics. 
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SUMMARY OF THE INVENTION 

The present invention provides a multiple star, pas- 
sive optical network, the structure of which is based on 
a RITE-Net™ design, the long-term projected imple- 
mentation costs of which are reduced relative thereto. 
The multiple star structure of the invention provides a 
basis for introducing fiber into the loop in stages, de- 
pending on varying system need. The system imple- 
mentation cost, therefore, may also be incurred in stag- 
es. A complete and full implementation of the multiple 
star structure will provide a nninimum number of fibers 
emanating from a central office or host computer for a 
maximum number of end users per fiber. 
Accordingly, the number of users associated with each 
fiber leaving the central office (each of the plurality of 
fibers forming the primary star) is increased relative to 
conventional double-star PONs by the invention, or, the 
number of fibers leaving the central office may be dras- 
tically reduced while serving the same number of end 
users. This provides for considerable savings per end 
user on the cost of equipment required at the central 
office. 

The multiple star, passive optical network of this in- 
vention includes three or more star signal distribution 
levels or tiers. A primary fiber star embodies, at a central 
office, one or more transmitting lasers which are linked 
by a plurality of optical fibers to each of a plurality of first- 
order remote nodes. The first-order remote nodes each 
include second pluralities of optical fibers (as secondary 
fiber stars) which extend to each of a plurality of optical 
transceivers (i.e., optical network units) and/or a plural- 
ity of second-order remote nodes. Each second-order 
remote node extends via a third plurality of optical fibers 
as a tertiary star. 

The optical signal distribution or routing occurring 
within the secondary and tertiary stars is preferably im- 
plemented by first- and second-order wavelength grat- 
ing routers (WGRs), located respectively at the first- and 
second-order remote nodes. However, the structural po- 
sitions that first- and second-order WGRs would normal- 
ly take in the preferred embodiment maybe initially filled 
with optical transceivers (optical terminations) to keep 
the initial cost of implementing the "complete" optical 
structure to a minimum. In other words, one of the ben- 
efits of the invention is that portions may be first imple- 
mented via copper or coaxial cable, which is cheaper to 
implement today, and when the system need arises or 
the price drops, optical terminations can be later re- 
placed by WGRs. The optical transceivers are prefera- 
bly based on the RITE-Net™ design. 

In one embodiment, a multiple star PON of this in- 
vention includes at least one primary or first-order opti- 
cal node, each of which includes a first -order waveguide 
grating router (WGR) defining N-, channels with channel 
spacings approximately equal to AX^ . Each primary op- 
tical node is preferably optically linked to a central office 
or host computer terminal for the exchange of upstream/ 



downstream optical signals therebetween. Each prima- 
ry optical node is also optically linked to one or more 
secondary or second-order optical nodes (a secondary 
star), each of which includes a second-order optical 

5 router defining Ng channels with channel spacings ap- 
proximately equal to A')^- Each second-order optical 
node also includes a plurality of optical fibers extending 
therefrom as a tertiary star. Both the first-order and sec- 
ond-order optical routers, located respectively at the pri- 

10 mary and secondary optical nodes, may be optically 
linked to one or more optical transceivers or termina- 
tions. 

Each of the first and second-order optical routers 
includes ports for inputting/outputting upstream/down - 

7^ stream optical signals, as well as means for demultiplex- 
ing downstream signals received thereat into a plurality 
of optical signals. Multiple upstream optical signals are 
multiplexed at first- and second-order optical routers to 
form composite upstream optical signals. 

20 In a preferred embodiment, the channel spacing 
AX^ , of the first-order optical router may be substantially 
an integer multiple of the channel spacing AX2 of the 
second-order optical router such that A>c-| approximately 
equals NgA^^, where N2 equals an integer number of 

25 channels defined by the second-order optical router. 
Thereby each wavelength band emitted from each out- 
put port of the first-order router would include N2 con- 
tiguous wavelength bands (defined with channel spac- 
ings AX2), which are in turn demultiplexed to Ng separate 

30 output ports of a secondary router. This can be referred 
to as the "coarse/fine" implementation. A "fine/coarse" 
structure could also be implemented which case would 
include a first order optical router with a channel spacing 
A^i that is I/N2 the channel spacing AX^ of the second 

35 order optical router. A "vernier" case would find the re- 
lationship between the number of channels and the 
channels spacings of the first and second order optical 
routers to be a non -integer ratio. In addition, a case 
where the channel spacings defined by the first- and 

40 second-order optical routers are "equal", but the number 
of channels defined by each differ, could also be imple- 
mented to allow a multiple star structure of this inven- 
tion. 

45 BRIEF DESCRIPTION OF THE DRAWING FIGURES 

Figure 1 is a schematic block diagram of a RITE- 

Net architecture of the prior art; 

Figure 2 is a schematic block diagram of a multiple 
50 Star Network of this invention; 

Figure 3A and 3B are schematic diagram of a WDM 

and a WDM/R device, respectively; 

Figure 4A is a schematic diagram highlighting a 

configuration of the invention within which "coarse/ 
55 fine" operation is implemented; 

Figure 4B is a diagram depicting the wavelength 

content of the coarse wavelength bands of the 

"coarse/fine" operation; 
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Figure 5 is a scliematic diagram highlighting a con- 
figuration within which "fine/coarse" operation is im- 
plemented; 

Figure 6A is a schematic diagram highlighting a 
configuration within which a "vernier" operation is 
implemented; and 

Figures 6B, 6C and 6D identify wavelength combs 
for first or/and second-order remote nodes within 
the present invention; 

Figure 7 is a schematic diagram highlighting a con- 
figuration within which an "equal channel spacing" 
operation is implemented; and 
Figures 8, 9A and 9B are schematic diagrams of 
system applications of embodiments of the present 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A conventional RITE-Net™ double star, or passive 
optical networic 10, is shown in Figure 1. The network 
includes a multi-wavelength or frequency-tunable trans- 
mitter 12 (e.g., a laser) and a receiver 16 disposed at a 
central office 20. An electronic sequencer 24 and a con- 
trol circuit 26 included at the central office define the la- 
ser's transmitting wavelength to ensure that data for 
transmission modulates the laser at the correct wave- 
lengths. The laser encodes optical information into 
wavelength division multiplexed (WDM) signals for se- 
lective transmission downstream upon fibers 25q. To- 
gether the central office and fibers extending therefrom 
are referred to as a primary star. Each downstream fiber 
25d links the central office to a remote node 30. The 
laser mode spacing (i.e., the frequency separation be- 
tween successive output wavelength bands of a single 
laser) is also designed to closely match the mode spac- 
ing of the wavelength division multiplexer/routers 
(WDM/R)1, which are located at each remote node, re- 
ferred to interchangeably herein as waveguide grating 
routers 32 (WGRs). Each WGR includes a plurality of 
fibers which extend from it to a plurality of optical termi- 
nations as a secondary star. 

Each WGR 32 (resident at each remote node) de- 
multiplexes downstream light signals received thereat 
to form a number of downstream signal portions and di- 
rects the same to the optical terminations. For example, 
a WGR may demultiplex a downstream signal into N sig- 
nal portions, each displaying a channel spacing of A^.-,. 
The WGR routs each of the N downstream signal por- 
tions to each of a plurality of optical network units 40 
(via downstream fibers 35q) according to wavelength or 
wavelength band. The downstream signal portions ar- 
riving at each optical network unit are generally split 
within a tap coupler 42 into two or more signal portions. 

^Dragone et al., Integrated NxN Multiplexer On Silicon, IEEE Photon. 
Technol. Lett., 3, pp. 896-899 (1991); Zimgibl et al., A 12-Frequency 
WDM Laser Source Based On A Transm issive Wavegu ide Grating Rout- 
er Electronics Letters (1994). 



A Split portion of the incoming downstream light signal 
portion is overmodulated (imprinted) with subscriber da- 
ta within a modulator 44, and looped back to the remote 
node 30 via fibers 35u. At the remote node, split, im- 
5 printed, upstream signal portions are combined (multi- 
plexed) to form an upstream optical signal that is further 
directed to the central office 20. 

A multiple star, passive optical networl<: 100 of this 
invention is shown in Fig. 2. While there are three levels 
or tiers shown in the figure, the depiction is for illustrative 
purposes only and is not meant to limit the scope of this 
invention to a tertiary star network. Because of its unique 
structure, the network 100 provides the flexibility, power 
requirements, upgrade potential and OAMP properties 
of a conventional RITE-Net™ system, at a substantially 
reduced cost per end user for the network's implemen- 
tation. The multiple star network includes at least three 
star levels, enabling each fiber forming the primary star 
to serve an increased number of users relative the 
number of users per fiber for conventional double star 
PONs (i.e., RITE-Net™ PONs). The network's versatility 
allows for fiber to be introduced into the local loop by 
layers, i.e., a basis for successive pushes of fiber-borne 
signals further into the loop. The increased fiber gain 
reduces the installation cost of the fiber plant by reduc- 
ing the average run length to each end subscriber. In 
addition, the larger number of subscribers reduces the 
average cost per subscriber for the central office trans- 
mitter (i.e., laser) and electronics per user. 

Network 100 includes a central office 20 optically 
linked via fibers 25^, 25u to each of a plurality of first- 
order remote nodes 30', forming a primary star. Down- 
stream light signals arriving from the central office at the 
first-order remote nodes 30' are demultiplexed by wave- 
length or wavelength band by a wavelength grating rout- 
er (WGR) 32 contained therein. The demultiplexing cre- 
ates a plurality of first-order downstream signals. The 
first -order downstream signals are routed by the first- 
order WGR to each of the plurality of second-order re- 
mote nodes 30" via a plurality of optical fibers 27q (i.e., 
a plurality of secondary stars). Each second-order re- 
mote node 30" includes a second-order WGR 32' for de- 
multiplexing each downstream first-order signal re- 
ceived there to form a plurality of second-order down- 
stream signals. The second-order WGR then routes the 
second-order downstream signals (as a tertiary star) by 
wavelength to the optical network units (ONUs) 40 (re- 
ferred to interchangeably as optical transceivers). While 
the ONUs are considered to be the final optical destina- 
tion, it is possible that one ONU can sen/e more than 
one living unit (i.e., end subscriber). As mentioned 
above, however, each first-and second-order remote 
node may be initially replaced at system implementation 
by optical transceivers (at the ONUs) to minimize initial 
capital expenditure for the system. Each optical trans- 
ceiver may terminate the optical transmissions directed 
thereto while further directing the optical information 
within a copper plant (or coaxial cable) extension. 
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The advantages of the multiple-star, passive optical 
network 100 are possible because of the properties of 
the "Dragone" router (WGR). The WGRs, identified as 
32 and 32' at first and second-order remote nodes 30' 
and 30" of Fig. 2, respectively, provide for a wide range 
of channel spacings, /sX, for segregating optical data by 
wavelength within an optical signal. Figs. 3A and SB 
show, respectively, a schematic representation of a con- 
ventional IxN coupler and a back-to-back star coupler 
envisioned by Dragone, i.e., WGR 32. The WGR is cre- 
ated by connecting two planar guide NxN star couplers 
(32A and 32B using a double-fiber example), back to 
back, with precisely tailored lengths for each of the con- 
nection paths between the NxN star couplers. Each se- 
quential path is longer than the path below it, imposing 
a fixed phase delay to form a frequency-specific chan- 
nel. Optical signals received at one of the input ports of 
the first star coupler 32A substantially uniformly illumi- 
nate each of N intermediate ports as in a diffraction in- 
strument. In transporting the optical field between the 
two star couplers, i.e., between couplers 32 A to 32B, 
the graded optical path lengths import a uniformly 
spaced phase difference to the fields. An equivalent slit 
device at the input surface of the second coupler 328 
changes the angle of light propagation, in much the 
same way that a diffraction grating or phased array an- 
tenna will impose phase differences. Consequently the 
WGR output ports (the 32B ports) from which light is di- 
rected depend on both the input port (the 32A ports) and 
the optical frequency This property is sometimes re- 
ferred to as the "routing" property 

Another property of WGR 32 is the "periodicity prop- 
erty". If signal portions displaying wavelengths Xq 
through exit ports 1 through N, then signal portions 
displaying wavelengths through X2N-1 will also exit 
the respective ports, as will signal portions displaying 

wavelengths \2N^h''°^9h^3N-i! etc., by induction. In oth- 
er words, a WGR behaves like a grating for which each 
higher order is overlaid on the order before it. Although 
dispersion will gradually change the channel spacings, 
AX, as the order increases, the periodicity is approxi- 
mately uniform over a limited range of orders. The wave- 
lengths exiting the port {7i^, X-^ + NAK, Aj + 2NAX,...) are 
thus spaced by the free-spectral range, NAA. Free spec- 
tral range is essentially the number of channels times 
the wavelength spread of each channel. 

To provide diversity of a WGR routing table, the 
wavelength characteristics of the WGRs, e.g., first-order 
WGR 32 located at one or more of the first order remote 
nodes (central to the secondary stars), must differ from 
those of the second-order WGRs, e.g., WGRs 32' locat- 
ed at one or more of the second-order remote nodes 
(central to the tertiary stars). If the wavelength charac- 
teristics were identical, then all the downstream second- 
order signals entering each second-order WGR 32' 
would exit from a single port since the source of the first- 
order downstream signals are a single port of first-order 
WGR 32. However, a secondary splitting within the in- 



coming first-order downstream signals can take place if 
there is a difference in the free spectral ranges N^AX^ 
and N2A>^ of the first and second-order WGRs, 32 and 
32', respectively. 

5 Four configurations of the present invention will be 
described in which differing order WGRs (i.e., first- and 
second-order WGRs) will display differing free spectral 
ranges, i.e., ^^AX vs. N2Aa.2- The first configuration is 
depicted in Figure 4A and is referred to as "coarse/fine". 

10 Within the "coarse/fine" configuration, the first-order 
WGR 32 displays a much larger channel spacing than 
that channel spacing of the second-order WGR 32'. The 
second configuration is depicted in Figure 5 and is re- 
ferred to as "fine/coarse", the reverse or inverse of the 

^5 "coarse/fine" configuration. The third configuration is 
depicted in Figs. 6A-6D, and is referred to as the "ver- 
nier" configuration. In the "vernier" configuration, the dif- 
ference in the channel spacings of the first- and second- 
order WGRs 32, 32', respectively, is slight. I.e., AX^ ^ 

20 AX2. In the first three configurations, both the number of 
channels and each channel's spacing of the different or- 
der WGRs differs. The fourth configuration is depicted 
in Fig. 7 and referred to as the "equal channel spacing" 
configuration. Within the equal channel spacing config- 

25 u ration, each first -order and second-order WGR dis- 
plays equal channel spacings (A^i equals AA^) but dif- 
ferent free spectral ranges (M'^AX^ does not equal N2 
AX2). 

In the "coarse/fine" configuration, 2 (Figs. 4A and 
30 4B) the channel spacing at the first-order WGR 32 is an 

integer multiple of the channel spacing within the sec- 
ond-order WGR 32' positioned at the second-order re- 
mote node 30". More particularly, WGR 32 is a coarse 
N^xN^ WGR with channel spacing AX^; WGR 32' is a 

35 fine N2XN2 WGR with channel spacing AX2, where AX-, 
equals N2AX2. For example, a first-order, N-j-channeh 
WGR with a channel spacing AX^ that is ten times the 
channel spacing AX2 (AX-i^lOAAg) of a second-order 
WGR creates lONg wavelength bins for downstream 

40 distribution. If N2 is 1 0 for the second-order WGR, 1 00 
unique wavelength bins are available to serve 100 
ONUs in a multiple star structure fed by a single fiber 
extending from the central office. The bins are separat- 
ed bythe amount of the fine channel spacing. In general, 

45 disregarding dispersion,^ 

= '\AX^ + jAXg = Xqq + (Ngi + DaX^ 
where the indices i and j represent the output ports of 

50 

the coarse and fine WGRs, respectively Fig. 4B shows 
an idealized view of the first channels for the coarse 
WGR 32 (first-order remote node 30') for the example 

described above. The first channel passes signals of 
wavelengths X^j, i.e., through while the second 

55 

^For simplicity, the descriptions of tlie multiple star configurations ignore 
upstream fibers without loss of generality. 

^System channels are defined herein in terms of wavelength although 
each WGR is more naturally described using optical frequency. 
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channel passes signals of wavelength Xjj, i.e., ^-,0 
through X^q, etc. The first-order signals exiting the first 
port of the first-order WGR 32 (coarse) arrive at the first 
of the second-order (fine) WGRs 32'. Each of the j^"^ sec- 
ond-order signals displaying wavelengths X^s exit on 
distinct ports of the second-order WGR 32'. Therefore, 
each of the first N-1XN2 wavelengths has a unique path 
to each of the first N1XN2 subscribing ONUs along one 
fiber extending from the central office 20 through first- 
order and second order remote nodes 30' and 30", re- 
spectively. 

The second or "fine/coarse" configuration is shown 
in Fig. 5. The "fine/coarse" configuration is similar to the 
"coarse/fine" configuration described above, but the 
routing diagram is different. The first-order remote node 
30' includes a "fine" N^xNi WGR 32F with channel spac- 
ing AX^ ; the second-order remote node 30" includes a 
coarse NgXNg WGR 32'C with channel spacing AX^ 
equal to H■^AX^. Again, considering 100 wavelength 
bins, first-order downstream signals embodying the first 
j or 10 fine wavelengths, i.e., ^.^j, of the "fine/coarse" 
configuration are routed through the first ten output ports 
of the first-order (fine) WGR 32F. Each of the order 
fine wavelengths are directed out the first port of the 
first-order fine WGR 32F, i.e., ^.j^. Each X-^^ is received 
at the second-order, or coarse, WGR 32'C, where they 
are distributed out the i ports as second-order signals. 
The general relationship between the wavelength bins 
(again disregarding dispersion) is 

= ^00 + '^^2 + i^^ = ^00 + (^1 ' + i) 

where i and j again represent the output ports of the 
coarse and fine WGRs, respectively Adjacent output 

ports in the second-order remote nodes 30" (coarse 
WGR 32'G) correspond to wavelengths separated by 
the periodicity of WGR 32F at the first -order remote 
node 30'. The result is in contrast with the previous case, 
where signals at the first 10 wavelengths exited the first 
port of the first-order ("coarse") WGR 32 to cause the 
full cycle (of j signals) to exit the ports of the second- 
order ("fine") WGR 32'. In either case, there is a unique 
routing path for each of the 100 subscribers supplied 
from the first-order remote node 30' as the secondary 
star. 

The wavelength plan for the "vernier" case will be 
explained with reference to Figures 6A, 6B, 6C and 6D. 
Vernier is meant to suggest the same basic principle 
used in vernier measuring gauges. Concomitantly, the 
ratio of the wavelength channel spacings of first order 
WGRs 32V at first-order remote node 30' (RNi) to chan- 
nel spacing of the second-order WGR 32'V at the sec- 
ond-order remote note 30" (RN2) is AX^/AX2 = l/J, with I 
and J being distinct integers chosen such that neither 
are integer multiples of the other such as 10 and 11. In 
other words, AX-, MOD does not equal zero. Figures 
6B, 60 and 6D show the wavelength combs at several 



of the ports of the WGRs in the vernier case. The first 
and second-order WGRs 32V and 32'V include N-, and 
N2 channels, respectively where N-, = 11 and N2 = 9. 
In Figure 6A, a first-order WGR 32V (at first-order 

5 remote node 30') is shown Fig. 6B shows the passband 
structure (i.e., channel spacings) of the first set of pri- 
mary WGRs 32V at RN-, (30), where the upper integer 
over each passband indexes the wavelength and the 
lower integer indexes the exit port number optically 

10 linked to central office 20. Each first-order remote node 
30' is also coupled to each of a plurality of second-order 
remote nodes 30". Each second-order remote node in- 
cludes a second-order WG R 32V'. As mentioned above, 
each first-order WGR 32V includes 11 (N^) channels 

^5 and each second-order WGR 32'V includes 9 (N2) chan- 
nels. The ratio of channel spacings AX^I AX2 between the 
first-and second-order nodes is 10/11. Fig. 6C shows 
the passband structure (i.e., channel spacings) of the 
first of the set of secondary WGRs 32'V, at RNa^"") (ter- 

20 tiarystar). 

Assuming that signals displaying a wavelength Xq 
pass through port 0 of the WGR 32V at RN^ (30') and 
port 0 of WGR 32'V at RNg^^) (30"), then signals with 
wavelengths X^i, being 11 AX^'s away from Xq, also pass 

25 through port 0 of WGR 32V RN^ (30'). However, be- 
cause of the 10/11 ratio between the channel spacings 
of the first and second-order WGRs, the first-order sig- 
nals will be 10 aX2's away from Xq. Since N2 = 9, signal 
will exit from port 1 of WGR 32'V at RNg^^) (30") when 

30 signals of wavelength Xq exit from port 0. It follows that 
X^2' which is essentially + 11A>.i, exits port 0 of WGR 
32V'. Similarly, the depiction within Fig. 6D implies that 
the first port of WGR 32'V at RNg^^) (30") will receive 
signals at wavelength A^, exiting from port 2 of WGR 

35 32V of RN^ (30'). In a similar way signals X^., X^2' 
seq., are passed from ports 1, 2, etc., of WGR 32'V of 
RN2^2) (30"). 

The wavelength plan for the fourth case, the "equal 
channel spacing" case, will be explained with reference 

40 to Fig. 7. Therein is described a portion 200' of a multi- 
ple-star passive optical network 200, including first- and 
second-order remote nodes 30' and 30", each including 
first- and second-order WGRs 32E and 32'E, respec- 
tively. The free spectral ranges of the first- and second- 

45 order WGRs 32E and 32'E, located at first- and second- 
order remote nodes 30 and 30', respectively, differ, but 
the channel spacings of each are equivalent, i.e., AX^ = 
AX2 = AX. The first-order WGR 32E at the first-order re- 
mote node 30' is an MxM device, while the second-order 

50 WGR 32'E at the second-order remote node 30" is an 
(M-1 ) X (M-1 ) device. The free spectral ranges, MAX and 
(M-I)AX- of the first-and second-order WGRs differ by 
one mode spacing, respectively. Such an arrangement 
results in a unique path for each of M(M-1) differing 

55 wavelength signals which can be launched along one 
fiber leaving a central office and directed to the first-or- 
der WGR. 

To avoid confusion, the descriptions of the multiple 
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star architecture to this point have neglected the return 
path, a distinguishing feature of RITE-Net™. The basic 
RITE-Net™ architecture includes pairs of optical fibers 
(one for downstream cormnnunication and one upstreann 
communication) connecting the CO, the RNs and the 
ONUs. The discussions of the previous sections remain 
valid for the two-fiber case with the following provisos: 
first, each WGR must in fact be a 2Nx2N device in order 
to serve N remote nodes or optical network units; sec- 
ond, the WGR channel spacing (AX) must be twice the 
WGR mode spacing, since every other router port will 
be dedicated to upstream traffic. With these conditions 
satisfied, the properties of the WGRs In conjunction with 
the passive loopback at the ONUs insure that the return 
path creates no additional frequency control overhead 
for the network. 

System applications of embodiments of the present 
invention are shown in Figs. 8 and 9. Fig. 8 shows a 
fiber-to-the-curb (FTTC) to a fiber-to-the-home (FTTH) 
conversion. The initial installation comprises a star of 
ONUs 40, some of which are shown. Conversion to FT- 
TH is accomplished by selectively replacing ONUs 40 
with a second level of RNs 30", and connecting a tertiary 
star of ONUs 40' to this RN. The system is upgraded as 
users demand higher bandwidth sen/ices, and extra la- 
ser resources are added at CO 20 as needed. 

For the FTTC to FTTH conversion, it is assumed 
that the initial system will have a single laser (most likely 
a multifrequency laser (MFL 11') and a coarse primary 
star (formed by RN 30 and ONUs 40). As the total 
throughput of the node increases, lasers and receivers 
can be added at CO 20 to keep electronic multiplexing 
economical. For example, modular conversion of ONUs 
40 to passive RNs could be achieved by systematically 
splicing in tunable distributed Bragg reflectors (DBRs) 
1 1 as each ONU is upgraded with a fine WGR (RN 30") 
to form another star. In essence, the channels of each 
DBR 1 1 see only the second order RN 30" and view it 
as if it were an RN for a conventional double star. The 
lasers could be coupled in with "intermediate" WDM 
(IWDM) 1 3 with only minimal loss by essentially tapping 
into the fiber's spectrum as needed. Such "IWDM splic- 
es' could be inexpensive dielectric filter components. 
Less desirable are systems in which resources must be 
added discontinuously, so that the number of lasers 
must be either I or K but nothing in between. Upstream 
signals are separated by IWDM 1 3' and provided to re- 
ceivers 15 and 15' as shown. 

Figs. 9A and 9B show two implementations of a fib- 
er-lean FTTH network, for which the entire multiple star 
is installed from the beginning, thereby sharing CO plant 
costs over a large number of subscribers. For the fiber- 
lean network, the initial installation can have either a sin- 
gle laser or multiple lasers. The single-laser network 
(Fig 9A) requires a laser (such as the vertical coupler 
filter (VCF) laser 1 6) with N modes capable of accessing 
each of the N subscribers over a broad wavelength 
range. This approach, which could take advantage of 



statistical multiplexing, may be suited to low-end sen/- 
ices. The fine/coarse embodiment is most suited to this 
case, since the temperature-induced mode drift of the 
fine WGR can be tracked by temperatu re tuning the CO 
5 laser. An example of a multiple-laser fiber-lean network 
is shown in Fig. 9B. An additional WGR 30 located at 
CO 20 multiplexes the downstream optical signals from 
lasers 11 and 12 onto a single fiber, and demultiplexes 
the upstream data before detection. Each CO laser 
10 transmitter (e.g., DBRs 11 and 12) and CO receiver pair 
(e.g. , RCVRs 1 5 and 1 5') is associated with a secondary 
WGR 30. In this case, the CO WGR 30 and WGR 30' in 
the primary RN can be identical coarse WGRs. A sep- 
arate servo loop associated with each laser can track 
^5 the thermal drift of each fine secondary WGR. A point 
which should be made regarding this approach is that it 
cannot efficiently take advantage of statistical multiplex- 
ing, since each laser cannot access each ONU. 

Both the vernier and the equal channel configura- 
te tions are resistant to multiple star implementations. If 
wide channel spacings are used in the stars, the tuning 
range is prohibitive for all but small sizes, and other ar- 
chitectures are preferable. If narrow channel spacings 
are used, the tuning range is within reason, but the en- 
25 vironmental vulnerabilities dominate, since each laser 
must track two simultaneous (and possibly conflicting) 
routers. 

Thus, for the applications of Figs. 8 and 9, the com- 
bination of competing system requirements and availa- 

30 ble technology will favor certain implementations. Cur- 
rently, none of the laser transmitter options described 
herein are commercially available in large numbers. 
Coarse/fine FTTC to FTTH conversion is the most at- 
tractive approach, but it requires an MFL for the initial 

35 installation. The uncertainty of VCF laser development 
(or development of a laser with similar functionality) will 
hinder the chances for the eventual deployment of all 
fiber-lean arch itectures that take advantage of statistical 
multiplexing. 

40 What has been described herein is merely illustra- 
tive of the application of the principles of the present in- 
vention. Other arrangements and methods can be im- 
plemented by those skilled in the art without departing 
from the spirit and scope of the present invention. 

45 

Claims 



1 . A multiple star, passive optical network, comprising: 

50 

a) a first optical node having a first-order optical 
router, the first-order optical router defining N^ 
channels with channel spacings approximately 
equal to A>^ ; and 
55 b) at least one second optical node optically 

linked to said first optical node, the second op- 
tical node having a second-order optical router, 
the second-order optical router defining N2 
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channels with channel spacings approximately 
equal to AX2, 

c) wherein said first- and second-order optical 
routers comprise: 

i) a plurality of ports for inputting/outputting 
upstream/downstream optical signals; and 

ii) routing means for routing said upstream/ 
downstream optical signals to said output/ 
input ports for output according to wave- 
length. 

2. The multiple star, passive optical network defined 
by claim 1 , wherein said second order optical node 
is optically linked to at least one of: an optical trans- 
ceiver and a third-order optical node. 

3. The multiple star, passive optical network defined 
by claim 2, wherein said optical transceivers com- 
prise optical receiver means for receiving said 
downstream optical signals, processing means re- 
sponsive to said optical receiver means for process- 
ing upstream data and optical transmission means 
responsive to said processing means for converting 
upstream data into said upstream optical signals. 

4. The optical network defined by claim 3, wherein 
said optical transceivers provide said upstream op- 
tical signals by relaying a portion of said down- 
stream optical signals received at said transceivers 

to said optical transmission means. 

5. The optical network defined by claim 4, wherein 
said optical transmission means includes means for 
overmodu latin g said relayed portion of said down- 
stream signals with said upstream data to provide 
said upstream optical signals. 

6. The multiple star, passive optical network defined 

by claim 1 ., wherein said first-order optical router de- 
multiplexes a downstream optical signal received at 
one of said input ports to form up to first-order 
downstream optical signals, and wherein each said 
first-order downstream optical signal is defined by 
a distinct set of one or more wavelength bands sep- 
arated by a free spectral range approximately equal 
toNi AX^. 

7. The multiple star, passive optical network defined 

by claim 6, wherein each said second-order optical 
router demultiplexes one of said N-, first-order 
downstream optical signals received at one of said 
second-order optical router input ports to form up to 
N2 second-order downstream optical signals, and 
wherein each said second-order optical signal is de- 
fined by a distinct set of one or more wavelength 
bands separated by a free spectral range approxi- 
mately equal to N2 AX2. 



8. The multiple star, passive optical network defined 

by claim 7, wherein at least one of said N2 second- 
order downstream optical signals are directed to at 
least one third-order optical node. 

5 

9. The multiple star, passive optical network defined 
by claim 6, wherein at least one wavelength band 
within at least one of said N-i first order downstream 
optical signals is defined by a sequence of up to N2 

10 second order downstream signals which are contig- 
uous in wavelength. 

10. The multiple star, passive optical network defined 
by claim 6, wherein wavelength bands defining a 

^5 plurality of second-order downstream signals are 
included within each of said first-order down- 
stream signals 

11. The multiple star, passive optical network defined 
20 by claim 8, wherein said third-order optical router 

demultiplexes one of said N2 second-order down- 
stream optical signals into up to N3 third-order 
downstream optical signals, each of which is de- 
fined by a distinct set of one or more wavelength 
25 bands separated by a fine spectral range approxi- 
mately equal to N3 AXq. 

12. The multiple star, passive optical network define by 
claim 1 1 , wherein each said first -order remote node 

30 is capable of sen/ing up to N1XN2XN3 distinct wave- 
length users. 

13. The multiple star passive optical network defined by 
claim 1, wherein said channel spacing Ak^ of said 

35 first-order optical router is substantially an integer 

multiple of said channel spacing AX2 of said second- 
order optical router, such that approximately 
equals to N2AA2 or a multiple of N2AA^. 

40 14. The multiple star, passive optical network defined 
by claim 1 , wherein said channel spacing A?^ of said 
second-order optical router is substantially an inte- 
ger multiple of said channel spacing A^ of said first- 
order optical router such that AX2 approximately 

45 equals AX^. 

15. The multiple star, passive optical network defined 
by claim 1,whereinsaid channel spacing AXf of said 
first-order optical router is a ratio of integers to said 

50 channel spacing AA2 of said second-order optical 
router such that {AX'^) MOD {AX2) is substantially 
non-zero. 

16. The multiple star, passive optical network defined 

55 by claim 1, wherein said channel spacing of said 
first-order and second-order optical routers approx- 
imately equal AX, equals a number of channels 
defined within said first-order optical router, N2 
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equals a number of channels defined within said 
second-order optical router, and does not equal 

17. The nnultiple star, passive optical network defined 
by claim 1 , wherein said first-order optical node is 

optically linked to one of; a central office and/or a 
host digital terminal. 

18. The multiple star, passive optical network defined 
by claim 17, wherein said first-order remote node is 

capable of serving up to N2 distinct wavelength 
users. 

19. A multiple star, passive optical network, 
comprising : 

a) a central office Including: 

i) a plurality of upstream/downstream opti- 
cal signal ports; 

ii) at least one multiple wavelength, optical 
transmission means linked to at least one 
of said plurality of downstream optical sig- 
nal ports; and 

iii) at least one optical receiving means 
linked to at least one of said plurality of up- 
stream optical signal ports ; 

b) at least one first-order optical node optically 

linked to said central office for an exchange of 
upstream/downstream optical signals therebe- 
tween, said first-order optical node including a 
first-order optical router for demultiplexing 
downstream optical signals to form and direct 
up to N-i first-order downstream signals by 
wavelength, and for multiplexing up to N-, first- 
order upstream signals to form and direct an 
upstream optical signal by wavelength; and 

c) at least one second-order optical node linked 
to said at least one first-order optical node, said 
second-order optical node including a second- 
order optical router for an exchange of first-or- 
der upstream/downstream signals with said at 
least one first-order optical node, said second- 
order optical router for demultiplexing said first 
order dowmstream signals to form and direct 
up to N2 second-order downstream signals by 
wavelength, and for multiplexing up to N2 sec- 
ond-order upstream optical signals to form and 
direct at least one first-order optical signal by 
wavelength; 

d) wherein said upstreann/downstream optical 
signals directed between said central office and 

said at least one first-order optical node are de- 
fined by essentially periodically spaced wave- 
length bands with a band-to-band wavelength 
period approximately equal to AX^, and wherein 



said first-order optical signals directed between 
said first- and second-order are defined by pe- 
riodically spaced wavelength bands with a 
band-to-band wavelength period approximate- 
s ly equal to AX2. 

20. The network deftned in claim 19, wherein said at 
least one multiple wavelength optical transmission 
means is defined by sequentially addressable 

^0 wavelength bands. 

21. The network defined in claim 19, wherein said at 
least one multiple wavelength optical transmission 
means is defined by simultaneously addressable 

^5 wavelength bands. 

22. The network defined by claim 19, further including 
at least one optical transceiver optically linked to 
said second-order optical node. 

20 

23. The network defined by claim 22, wherein said sec- 
ond-order optical signals directed between said 
second-order nodes and said at least one optical 
transceiver are defined by bandwidths approxi- 

25 mately equal to AX^. 

24. The network defined by claim 19, wherein said 
bandwidth isX^ is substantially an integer multiple of 
said bandwidth AX^ such that AA^ approximately 

30 equals N2AA2. 

25. The network defined by claim 1 9, wherein said cen- 
tral office includes at least two of said multiple wave- 
length optical transmission means. 

35 

26. The network defined by claim 25, wherein said cen- 
tral office includes a zeroth-order optical router op- 
tically linked to said at least two multiple wavelength 
optical transmission means, said zeroth-order opti- 

40 cal router multiplexing downstream signals from 
said transmission means to form a zeroth order 
downstream optical signal. 

27. The network defined by claim 26, wherein said ze- 

45 roth-order optical router has approximately identical 
properties to said first -order optical router. 

28. The network defined by claim 19, wherein said 
bandwidth AX2 is substantially an integer multiple of 

50 said bandwidth Kk^ such that AX2 approximately 
equals N-iAX.^. 

29. The network defined by claim 19, wherein said 
bandwidth A?*.-,, is a ratio of integers to said band- 

55 width such that KK^ MOD A>^ is substantially 
non-zero. 

30. The network defined by claim 19, wherein said 
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channel spacing of said first-order and said second- 
order optical routers approximately equals AX. N-, is 
a maximum number of channels defined by said 
first-order optical router, N2 is a maximum number 
of cliannels defined by said second-order optical s 
router, and N-, is not equal to Ng. 

31. The network defined by claim 19, wherein one of 
said at least one first-order optical nodes is optically 
linked to at least one optical transceiver and said at ^0 
least one second-order optical nodes is optically 

linked to at least one optical transceiver. 

32. The optical network defined by claim 1 9, wherein 
said at least one second-order optical node is opti- 
cally linked to at least one third-order optical node. 

33. The optical network defined by claim 32, wherein 
each one of said at least one first-, second- and 
third-order optical nodes is linked to at least one op- 20 

tical transceiver. 

34. The optical network of claim 32, wherein said at 
least one third-order node is optically linked to at 
least one fourth-order optical node. 25 

35. A passive optical network, comprising : 

A) a zeroth order star formed of a plurality of 
optical transmitter/receivers, each connected 30 

to a zeroth order optical pathway extending 
from each said transmitter/ receiver for carrying 
zeroth order optical signals; 

B] at least one first order star, comprising: 

35 

i) a first waveguide grating router optically 
linked to one of said optical transmitter/re- 
ceivers via at least one of said plurality of 
zeroth order optical pathways, wherein 
said first waveguide grating router com- 40 
prises: 

a) first means for receiving and demul- 
tiplexing zeroth optical signals into up 

to N-| first order secondary optical sig- 4S 
nals, said first means defined by a free 
spectral ranges of N-jAA^; 

b) first means for downstream routing 
said first order optical signals; 

c) second means for receiving and 50 
multiplexing at least one first order op- 
tical signal to form a zeroth order opti- 
cal signal and directing the same to 
said transmitter/receiver: and 

ss 

ii) a plurality of first order optical pathways 
extending from said first waveguide grating 
router for carrying said first order optical 



signals; 

C) at least one of: 

i) first optical transceiver means optically 
linked to said first waveguide router via one 

of said plurality of first order optical path- 
ways, said optical transceiver means com- 
prising: 

a) primary receiving means for receiv- 
ing one of said first 

order optical signals; and 

b) means for providing first order opti- 
cal signals to said first waveguide grat- 
ing router; and 

ii) a second order star, comprising: 

a) a second waveguide grating router 
optically linked to said first waveguide 
grating router via one of said plurality 
of first order optical pathways, wherein 
said second waveguide grating router 
comprises: 

i) third means for receiving and de- 
multiplexing first order optical sig- 
nals into up to N2 second order op- 
tical signals, said third means de- 
fined by a free spectral ranges of 
N3AX3; 

ii) second means for downstream 
routing said second order optical 
signals; and 

ill) fourth means for receiving and 
multiplexing at least one second 
order optical signal to form a first 
order optical signal and directing 
the same to said first waveguide 
grating router; and 

b) a plurality of second order optical 
pathways extending from said second 
waveguide grating router for carrying 
said second order optical signals ; and 

D) an optical termination comprising at least 
one second optical transceiver means optically 

linked to said second waveguide router via one 
of said plurality of second order optical path- 
ways, said second optical transceiver means, 
comprising : 

a) secondary receiving means for receiving 
one of said second order optical signals; 
and 

b) means for providing second order opti- 



10 



19 



EP 0 782 285 A2 



cal signals to said second waveguide grat- 
ing router. 
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